regulated
by AMPK but proliferation-related actions are regulated by Ras rather than AMPK.
Circulating levels of high-density lipoprotein (HDL) are inversely correlated to the risk of atherosclerosis and associated cardiovascular disease (1, 2) . HDL promotes the process of cholesterol transport from arterial and other peripheral cells to the liver and excretes it as bile acids. The so-called reverse cholesterol transport is thought to be important for antiatherogenic properties of HDL (1, 2) . HDL also exerts a variety of actions that are independent of reverse cholesterol transport; for example, HDL protects endothelium from its dysfunction which is composed of several responses in endothelial cells (ECs), including proliferation, migration, nitric oxide (NO) production, and inhibition of adhesion molecule expression (3, 4) . The adhesion of monocytes and leukocytes on endothelium is thought to be an early event of atherogenic or inflammatory responses (4) . AMP-activated protein kinase (AMPK) has been shown to be involved in energy homeostasis and the regulation of a variety of cell functions (5) (6) (7) . In ECs, AMPK has been shown to regulate the activity of endothelial NO synthase (eNOS) and NO synthesis evoked by a variety of extracellular stimuli, including HDL (8), sphingosine 1-phosphate (S1P) (9) , thrombin (10) , vascular endothelial growth factor (VEGF) (9, 11) , and adiponectin (12) . AMPK has also been suggested to be involved in the inhibition of monocyte adhesion and adhesion molecule expression in ECs, although the role of eNOS in the regulation of cell adhesion is controversial (13) (14) (15) (16) .
We and others have shown that HDL is a carrier of potent bioactive lipid mediators, including S1P, in addition to apolipoproteins (4) . Recent studies have shown that HDL induced eNOS activation through lipoprotein-associated apoA-I and/or S1P, although the roles of dual receptors, i.e., scavenger receptor class B type I (SR-BI) and S1P receptors, are still controversial (4, (17) (18) (19) (20) . Thus, several independent reports have shown that HDL and S1P stimulate AMPK and eNOS in ECs. However, roles of SR-BI and S1P receptors and their signaling mechanism in HDL-induced AMPK activation have not been fully characterized. Moreover, roles of AMPK in HDL-regulated functions related to the protection of endothelial dysfunctions other than eNOS activation remain poorly understood. In the present study, we examined these unanswered questions in human umbilical vein endothelial cells (HUVECs) in vitro and mouse aorta in vivo.
Experimental Procedures
Materials--S1P was purchased from Cayman Chemical Co.; wortmannin and STO-609 were from Calbiochem-Novabiochem; AICAR was from Biomol; antibodies for AMPK , phospho-Thr-172 AMPK , endothelial nitric oxide synthase (eNOS), phospho-Ser-1179 eNOS, Akt, phospho-Ser-473 Akt, ERK, phospho-Thr-202/Tyr-204 ERK1/2, LKB1, phospho-Ser-428 LKB1, Ras, and -actin were from Cell Signaling Technology Inc.; antibody for VCAM-1 was from Chemicon International; and antibodies for S1P 1 receptor, CaMKK , SR-BI, and PDZK1 were from Santa Cruz Biotechnology, Inc.. Plasma HDL (1.063-1.21 g/ml) was separated from freshly isolated plasma of healthy volunteers by sequential ultracentrifugation (21) . HDL was delipidated and then the lipid-free apolipoprotein A (apoA) mixture was dialysed against 5 x 1 liter Tris-buffered saline (0.01 M Tris buffer (pH 7.4) containing 0.15 M NaCl, 0.01% (w/v) EDTA and 0.02% (w/v) NaN 3 ). The discoidal lipoprotein particle (termed rHDL in the present study) was prepared by the sodium cholate dialysis method as previously described (19) , using apoA and palmitoyloleoylphosphatidylcholine (POPC) at a molar ratio of 1:80 (18) . In experiments shown in Fig. 1A , we also prepared cholesterol-loaded rHDL, in which apoA, POPC, and cholesterol were included during sodium cholate dialysis in a molar ratio of 1:100:5. The S1P content in the rHDL and cholesterol-loaded rHDL was undetectable by our S1P assay method (22) . The sources of all other reagents were described previously (19, 23, 24) . Unless otherwise stated, S1P (1 μM), rHDL (500 μg protein/ml), and native HDL (500 μg protein/ml) were used in the present study.
Cell Culture and Transfection of siRNA---HUVECs (passage number 3) were purchased from Whittaker Bioproducts. The cells were cultured in RPMI1640 medium supplemented with 15% (v/v) fetal bovine serum (FBS) and several growth factors as previously described (21, 23, 25) . We usually used 5-8 passage of the cells and checked the cobble-stone like cell shape before experiments. Where indicated, pertussis toxin (PTX, 100 ng/ml) or its vehicle (PBS) was added to the culture medium 12 h before experiments, unless otherwise stated. STO-609, a specific CaMKK inhibitor, at 10 μM or its vehicle was added to the culture medium 20 min before experiments. As for the transfection of siRNAs specific to SR-BI, PDZK1, S1P 1 , S1P 3 (24) .
Quantitative RT-PCR Analysis---Total RNA was isolated using TRI REAGENT (Sigma-Aldrich, St. Louis, MO) according to the instructions from the manufacturer. After DNase I (Promega, Madison, WI) treatment to remove possible traces of genomic DNA contaminating in the RNA preparations, 5 μg of the total RNA was reverse-transcribed using High Capacity cDNA Archive kit according to the instructions from the manufacturer (Applied Biosystems, Foster City, CA). To evaluate the expression level of mRNAs for S1P 1 (Hs00173499), S1P 3 (Hs00245464), AMPK 1 (Hs 00178893) and AMPK 2 (Hs 00178903), quantitative RT-PCR was performed using real-time TaqMan technology with a Sequence Detection System model 7700 (Applied Biosystems). The expression level of the target mRNA was normalized to the relative ratio of the expression of GAPDH mRNA. Each RT-PCR assay was performed at least three times, and the results are expressed as mean ± SEM.
Construction of adenoviral vector and infection of recombinant adenovirus---
The recombinant adenovirus for a dominant-negative form of human H-Ras, N17Ras, was constructed (26) and infected (23) as described previously. In brief, 80% confluent HUVECs were infected with recombinant at a multiplicity of infection of 30 for 2 h at 37°C in RPMI1640 containing 5% FBS. Cells were then cultured for an additional 48 h with RPMI1640 containing 15% FBS and other supplements before treatment. Under these conditions, infection with adenovirus coding green fluorescent protein (GFP) resulted in almost 100% cells positive to GFP.
Cell Surface Expression of Adhesion Molecules---HUVECs were plated on 96-well-plates and transfected with siRNA as described above. Cells were then washed twice and incubated in RPMI1640 containing 0.1% bovine serum albumin (BSA) with test agents for 8 h. Thereafter cells were washed with PBS twice and fixed with PBS containing 1% paraformaldehyde under 4°C. The plates were blocked at 4°C overnight with 5% skim milk powder in PBS. Cell surface expression of adhesion molecules was determined by primary binding with specific mouse antibody for VCAM-1, followed by secondary binding with a horseradish peroxidase-conjugated goat anti-mouse IgG antibody as described previously (19, 23) . Quantification was performed by determination of colorimetric conversion at optical density at 450 nm of 3,3',5,5'-tetramethylbenzidine using TMB peroxidase EIA substrate kit (Bio-Rad Laboratories).
Western
Blotting---HUVECs were cultured and pretreated with several reagents as described above and then incubated for indicated times with test agents. For detection of eNOS phosphorylation (23), the reaction was terminated by washing twice with ice-cold PBS and adding 0.1 ml of lysis buffer containing 1% Triton X-100, 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 2 mM EDTA, 8 mM EGTA, 25 mM NaF, 10 mM Na 4 P 2 O 7 , 1 mM Na 3 VO 4 , 5 μg/ml leupeptin, 5 μg/ml pepstatin, 5 μg/ml aprotinin, and 0.5 mM PMSF. The lysate was separated by 6% SDS-polyacrylamide gel electrophoresis and analyzed by Western blotting with eNOSand phospho-eNOS-specific antibody. As for the detection of Akt, phospho-Akt, ERK, phospho-ERK, Ras (which recognizes also dominant-negative N17Ras), S1P 1 receptor, SR-BI, PDZK1, AMPK , phospho-AMPK , CaMKK , LKB1, phospho-LKB1, and -actin, the procedures were essentially the same as those for eNOS phosphorylation except for the primary antibody and separation by 10% SDS-polyacrylamide gel electrophoresis.
NOS Enzymatic Activity in Cell Lysate---NOS enzymatic activity was measured according to the method previously described (27) . Briefly, HUVECs were grown to 80% confluence, and the cells were rinsed twice in ice-cold PBS, harvested from the dishes, and resuspended in ice-cold lysis buffer (27) 5 cells in 500 μl) on the confluent monolayers of HUVECs that had been grown in 12-well-plates and treated with various reagents for 8 h. After incubation for 15 min at 37°C, non-adherent THP-1 monocytic cells were removed by washing four times with prewarmed RPMI1640 medium containing 0.1% BSA. The number of THP-1 monocytic cells on the HUVECs was counted in four places under microscopy at x 400 magnification as adhering cells (19, 23) . Migration Assay---The migration experiment was performed using a blind Boyden chamber apparatus as previously described (25, 28) . In brief, HUVECs were cultured for 4 h with fresh RPMI1640 containing 0.1% BSA. The cells were then washed twice at 37 in a HEPES-buffered medium containing 0.1% BSA, pH 7.5.
These cells were loaded on the upper chamber and test agents were placed in the lower chamber. The number of cells that had migrated during 4 h to the lower surface was determined by counting the cells in 4 places under microscopy at x 400 magnification.
Proliferation---A cell proliferation assay was performed as previously described (29) . Briefly, HUVECs (5x10 3 cells per well) were plated onto collagen-coated 96-well plates in culture medium. The next day, the cells were treated with or without indicated agents in RPMI1640 medium containing 5% FBS to avoid cell detachment. After 48 h, cells were fixed by addition of 10 l of an 11 % glutaraldehyde solution to 100 μl of medium and shaken for 15 min. After being washed 3 times with deionized water, the cells on the plates were air-dried and stained for 20 min with 0.1% crystal violet solution in 200 mM MES, pH 6.0. The cells were again washed with deionized water 3 times and air-dried. The dye bound on the cells was solubilized with 10% acetic acid and the optical density of dye extracts was measured at 600 nm by using a microplate reader. In each experiment, proliferation activity was assessed in three wells under a specified condition. Similar experiments were done with three batches of cells. The cell number was evaluated from the optical density obtained with known number of cells.
Isolation of Mouse Aorta, Western Blotting, and ex vivo Monocyte Adhesion Assay---Male
C57BL/6J mice were purchased from Japan SLC, Inc. Mice were fed rodent chow and housed in micro-isolator cages in a pathogen-free facility. All experiments followed guidelines from the Association for Assessment of Laboratory Animal Care guidelines, and approval for use of rodents was obtained from the Gunma University. The mice were intraperitoneally injected with AICAR (500 mg/kg) or 0.9% physiological saline at 3 days before, and then injected intravenously with recombinant murine TNF-(20 μg/kg) or PBS at 2 h before experiments. Aortas were harvested from mice and immediately placed into 10% FBS-containing Dulbecco's modified Eagle's medium. A part of aorta was treated with cotton stick to wipe off the endothelium and used as endothelium-removed aortas (EC-). The endothelium-intact aortas (EC+) and endothelium-removed aortas (EC-) were homogenized and analyzed by Western blotting with antibodies specific to AMPK, eNOS, VCAM-1, or their phosphate forms (where indicated). The ex vivo monocyte adhesion assay was performed as previously (24) . In brief, the aortas were opened up longitudinally and pinned onto sterile agar. All aortas were incubated for 15 min with 1 x 10 6 WEHI 241.1 mouse monocytes that were fluorescently labeled with Calcein-AM (Molecular Probes). After incubation, unbound monocytes were rinsed away, and the number of monocytes firmly bound to aorta was counted in 4 fields using fluorescent microscopy. Data are represented as the mean + SEM of 4 areas of aorta. Data Presentation---All experiments were performed in duplicate or triplicate. The results of multiple observations are presented as the mean ± SEM or as a representative result of more than two different separate experiments, unless otherwise stated. Statistical significance was assessed by ANOVA or the Student's t-test; values were considered significant at p< 0.05 (*).
RESULTS

HDL Stimulates AMPK Phosphorylation Through the S1P Receptor/G i -protein and SR-BI/PDZK1
Systems---Consistently with previous studies, native HDL (8) and S1P (9) stimulated AMPK phosphorylation (Fig. 1A) , reflecting enzyme activation. We also tested the effects of lipid-free apoA mixture, which was prepared by delipidation of HDL; rHDL, which was prepared by reconstitution of apoA mixture with phosphatidylcholine; and cholesterol-loaded rHDL, which was prepared by reconstitution of apoA mixture with phosphatidylcholine and cholesterol. Among them, only rHDL was effective in stimulating AMPK phosphorylation to an extent similar to that in HDL and S1P (Fig.  1A) . Henceforth, we examined the effects of S1P, rHDL, and native HDL in comparison with PBS (None). Simultaneous transfection of the respective small interfering RNAs (siRNAs) specific to S1P 1 and S1P 3 receptors decreased mRNA expression of these receptors to less than 10% (Supplemental Fig.  S1, A and B) . Moreover, Western blotting with S1P 1 receptor-specific antibody showed that S1P 1 receptor protein expression was markedly decreased by the siRNA treatment (Supplemental Fig. S1C) . Unfortunately, however, we have not yet succeeded to detect S1P 3 receptor-specific protein band by Western blotting. Under the conditions of downregulation of S1P receptors, at least at their mRNA expression levels, S1P-induced AMPK activation was almost completely lost (Fig. 1B) , whereas rHDL-and HDL-induced enzyme activation was hardly and partially (about 50%) inhibited, respectively (Fig. 1B) . A similar AMPK activity profile was observed by PTX treatment of the cells (Fig.  1C) , suggesting that S1P receptors and G i -proteins are at least partly involved in HDL-induced AMPK activation. On the other hand, siRNA against SR-BI (siSR-BI) or siRNA against PDZK1 (siPDZK1), an adaptor protein for SR-BI, which specifically inhibited expression of the respective protein (Supplemental Fig. S1D ), also partly inhibited HDL-induced AMPK activation (Fig. 1D) . As expected, enzyme activation induced by rHDL, but not by S1P, was almost completely inhibited under the conditions. The treatment of either siSR-BI or siPDZK1, together with PTX, inhibited all stimulus-induced AMPK phosphorylation (Fig. 1E) . These results suggest that HDL induces AMPK activation through both S1P receptor/G i -protein and SR-BI/PDZK1 systems via lipoprotein-associated S1P and apoA, respectively.
Role of CaMKK and LKB1 in HDL-induced Activation of AMPK, Akt, and eNOS-We investigated whether upstream kinases of AMPK, such as CaMKK and LKB1, are involved in AMPK activation by the S1P receptor and SR-BI stimulation. Consistently with a previous study (9) , S1P-induced phosphorylation and, hence, the activation of AMPK, Akt, and eNOS were all almost completely inhibited by STO-609, a specific inhibitor of CaMKK ( Fig. 2A) . Similarly to the S1P-induced actions, HDLand rHDL-induced activation of AMPK, Akt, and eNOS were also suppressed by the CaMKK inhibitor ( Fig. 2A) . We further examined the role of CaMKK by using siRNA strategy. As shown in Fig. 2B , siRNAs for CaMKK specifically attenuated the expression of CaMKK without effect on the expression of LKB1, another regulator of AMPK (5-7). Consistently with the results of Fig. 2A , CaMKK siRNA inhibited AMPK, Akt, and eNOS activation induced by S1P, rHDL, and HDL (Fig. 2C) . In this experiment, we also examined the effect of AICAR, an AMPK activator (30, 31) . Similarly to HDL and S1P, AICAR activated phosphorylation of AMPK, Akt, and eNOS; however, the ribonucleoside-induced actions were hardly affected by the knockdown of CaMKK (Fig.  2C) .
We examined the role of LKB1 in Fig. 3 . All the stimuli employed were effective for stimulating LKB1 phosphorylation (Fig. 3A) . Consistent with the previous study (32) , phosphorylation of LKB1 at Ser-428 was accompanied by nuclear export of LKB1 into cytosol (Fig. 3B) . LKB1-siRNA specifically attenuated the expression of LKB1 protein without appreciable effect on the expression of CaMKK (Fig. 3C) . AICAR has been shown to be sensitive to LKB1 for AMPK activation (31) . Consistent with this report, in the cells treated with LKB1-siRNA, phosphorylation activities on AMPK, Akt, and eNOS by AICAR were almost completely lost. In contrast to the results with knockdown and inhibition of CaMKK, however, S1P-induced activation of these enzymes was hardly affected by LKB1-siRNA, whereas these activities by rHDL and HDL were almost completely and partly inhibited, respectively. These results suggest that LKB1 is involved in the SR-BI-mediated, but not S1P receptor-mediated, activation of AMPK, Akt, and eNOS.
AMPK May be an Upstream Regulator for PI3K/Akt, Migration, and Inhibition of Adhesion Molecule Expression---The results described above raised the possibility that CaMKK and/or LKB1 is involved in AMPK, Akt, and eNOS activation. However, the relationship between AMPK and PI3K/Akt remains controversial (9) (10) (11) (12) (33) (34) (35) . In HUVECs, AMPK 1, but not AMPK 2, is expressed (Fig. 4A) . To knockdown the AMPK 1, we employed AMPK 1-siRNA, which inhibited AMPK protein expression by more than 80% (Fig. 4B) . Under the conditions, the phosphorylation of Akt and eNOS (Fig. 4B ) and the activation of NOS (Fig. 4C ) in response to any stimulant were almost completely inhibited. When PI3K was inhibited by wortmannin, however, AMPK activity was hardly affected, whereas activation of Akt and eNOS was almost completely inhibited (Fig. 4D) . These results suggest that AMPK is an upstream regulator of PI3K/Akt.
Migration of ECs, which may be important for repairing injured endothelium (36) , was almost completely inhibited by AMPK-siRNA (Fig. 5A) . As for adhesion activity, S1P and HDL displayed different response patterns; S1P, but not rHDL or HDL, slightly stimulated VCAM-1 expression (Fig.  5B ) and monocyte adhesion (Fig. 5C ) in the absence of TNF-. The stimulatory actions of S1P on the adhesion activities, which are mediated mainly by S1P 3 receptors/G 12/13 -proteins (19), were not affected by AMPK-siRNA (Fig. 5, B and C) . In the presence of TNF-, however, all stimuli inhibited the cytokine-induced actions. The inhibitory activities were completely blocked by AMPK-siRNA treatment (Fig. 5,  B and C) . Thus, AMPK may play important roles in HDL-and S1P-induced PI3K/Akt activation, migration, and the inhibition of adhesion molecule expression.
We finally confirmed the role of AMPK in the endothelium by using an AMPK-specific activator, AICAR, in vitro and in vivo. Consistently with results of Fig.  2C , AICAR stimulated the phosphorylation of AMPK and eNOS (Fig. 6A ), in association with NOS activation (Fig. 6B) . AICAR also inhibited TNF--induced VCAM-1 expression (Fig.  6C) , which was accompanied by the inhibition of cytokine-induced monocyte adhesion (Fig.  6D) . All the AICAR-induced actions were almost completely abolished by the AMPK-siRNA treatment (Fig. 6, A-D) . The in vivo treatment of mice with AICAR for 3 days stimulated AMPK phosphorylation in the aorta with endothelium but only slightly, if any, in the aorta without endothelium regardless of treatment with TNF- (Fig. 7A) , suggesting that AMPK in ECs is selectively phosphorylated by AICAR treatment in our experimental conditions. As expected, eNOS was not detected in aortas without endothelium. TNF-treatment for 2 h in vivo stimulated VCAM-1 expression (Fig. 7A) , which was associated with the stimulation of monocyte adhesion on the endothelium of the aorta ex vivo (Fig. 7, B and C) . The AICAR pretreatment almost completely inhibited the TNF--induced VCAM-1 expression (Fig.  7A ) and ex vivo monocyte adhesion in endothelium of the aorta (Fig. 7, B and C) . These results strongly support the role of AMPK in eNOS activation and the resulting inhibition of VCAM-1 expression and monocyte adhesion.
HDL-induced ERK Activation and Proliferation are Independent of AMPK but
Dependent on Ras---Repairing injured endothelium requires proliferation in addition to migration of endothelial cells. Interestingly, ERK activation (Fig. 8A) and proliferation ( Fig. 8B) were hardly affected by knockdown of AMPK regardless of any stimulant employed. Moreover, an AMPK activator AICAR was ineffective in stimulating ERK under the condition where eNOS was activated (Fig. 8C) . These results suggest that AMPK is not a critical player of ERK activation and proliferation. We characterized upstream signaling pathways leading to ERK activation. Similarly to the results of AMPK activation (Fig. 1) , S1P-and rHDL-induced ERK activation was almost completely inhibited by PTX and SR-BI-siRNA, respectively (Fig. 8D) . On the other hand, HDL-induced ERK activation was partly inhibited by either PTX or SR-BI-siRNA, and completely inhibited by the combination of PTX and SR-BI-siRNA (Fig. 8D) . These results suggest that both SR-BI/PZDK1 and S1P receptor/G i -protein system equally contribute to the regulation of ERK. We speculated that Ras could be an upstream activator of ERK (37) . To block the function of Ras, we employed a dominant-negative Ras, N17Ras (DN-Ras). In the cells overexpressing DN-Ras (Fig. 9A) , ERK activation (Fig. 9B) and proliferation (Fig.  9C ) induced by S1P, rHDL, and HDL were almost completely inhibited. DN-Ras, however, failed to inhibit AMPK activation (Fig. 9B) . These results suggest that Ras, but not AMPK, plays a critical role in SR-BIand S1P receptor-mediated ERK activation and proliferation.
DISCUSSION
In the present study, we obtained the following important new findings with respect to the mechanism and role of HDL-induced activation of AMPK in ECs. First, HDL stimulated AMPK activation through both S1P receptors/G i -proteins and SR-BI/PDZK1. Second, CaMKK plays a role in the activation of AMPK by both receptor systems, but LKB1 may be involved in SR-BI signaling but not in S1P receptor signaling. Third, the HDL-induced activation of AMPK resulted in eNOS activation, through PI3K/Akt, and the subsequent inhibition of expression of the adhesion molecule, VCAM-1, thereby inhibiting monocyte adhesion to ECs. The role of AMPK in adhesion molecule expression was confirmed by in vivo and ex vivo experiments of mouse aorta with AICAR, an AMPK activator. Finally, HDL-induced antiatherogenic actions seem to be regulated by two independent signaling molecules, i.e., AMPK and Ras. Postulated scheme for signaling pathways for HDL-induced protection of endothelial dysfunction is shown in Fig. 10 .
Although previous studies have shown that HDL (8) and S1P (9) activate AMPK and eNOS in ECs, the action mechanism of HDL is controversial. Yuhanna et al. (38) first reported that HDL activates eNOS through SR-BI; however, they failed to detect eNOS activation by lipid-free apoA-I in ECs. Their group later reported that reconstituted apoA-I with phosphatidylcholine but without or with low concentrations of cholesterol can stimulate eNOS activation (18) . On the other hand, Drew et al. (8) reported that lipid-free apoA-I stimulated eNOS by their interaction, in association with AMPK activation. The present results (Fig. 1A) and results of previous study (19) are consistent with those from Assanasen et al. (18) , who suggested that cholesterol movement through SR-BI is critical for eNOS activation by HDL. Thus, there are many reports as to HDL-induced activation of eNOS; however, the participation of HDL receptors, i.e., SR-BI and S1P receptors, in HDL-induced AMPK activation has not yet been investigated. The present study showed that SR-BI/PZDK1 system and S1P receptor/G i -protein system equally contribute to the HDL-induced activation of AMPK in ECs. Whether internalization of apoA-I is essential, as suggested by the previous study (8) , remains unknown. It should be noted, however, that the internalization of apoA-I was examined by lipid-free apoA-I but not by native HDL (8) .
The role of CaMKK in calcium-mobilizing G protein-coupled receptors, including S1P receptors (9), in AMPK activation has been reported (39 concentration, although the enzyme activity is further stimulated by the increase in its concentration (40) . The components of the SR-BI-mediated eNOS regulatory system seem to be localized in caveolae, the cholesterol-rich microdomain of the plasma membrane (36) , which are also known to be critical platform for signaling molecules involved in a variety of signal transduction systems, including intracellular Ca 2+ homeostasis (41) . Thus, it is not surprising that calcium/calmodulin-sensitive eNOS and CaMKK are activated without global increases in intracellular Ca 2+ concentration in response to SR-BI stimulation, as is the case for the estrogen activation of eNOS (42) . In addition, LKB1 also appears to be involved in the AMPK activation through SR-BI. Similarly to CaMKK, LKB1 is also reported to be constitutively active (43 (32) . Interestingly, however, they observed that Ser-428/431 phosphorylation by metformin is necessary for LKB1 nuclear export to cytosol, where LKB1 interacts with AMPK in ECs (32) . Thus, Ser-428/431 phosphorylation is essential for the LKB1 nuclear export and hence LKB1 activation of AMPK at least in ECs. The export of LKB1 into cytosol has also been shown to be associated with adiponectin activation of AMPK in muscle cells (45) and breast cancer cells (46) . Consistent with these reports, HDL, S1P, and rHDL stimulated LKB1 nuclear export in association with phosphorylation of Ser-428 in HUVECs in the present study. Thus, stimulation of either S1P receptors or SR-BI causes the translocation of LKB1 and hence potentially activates AMPK.
Nevertheless, LKB1 was unable to activate AMPK when CaMKK was inhibited by a specific inhibitor or downregulated by CaMKK-siRNA. The peculiar observation may be deeply related to the regulatory mechanism of AMPK activity. It is well known that AMPK activity is regulated by the balance of phosphorylation by kinases, such as LKB1 and CaMKK, and dephosphorylation by protein phosphatase, possibly PP2C (7, 43) . Under the low CaMKK activity status, phosphorylation activity by LKB1 may be too low to overcome the dephosphorylation activity when either S1P receptors or SR-BI was stimulated. Similarly, under the low LKB1 activity status, CaMKK activity is too low to overcome the phosphatase activity in the case of SR-BI stimulation. Thus, SR-BI-mediated AMPK activation requires simultaneous activation of both CaMKK and LKB1. In the case of S1P receptor stimulation, however, strong activation of CaMKK by high Ca supply may cause the AMPK activation without aid of LKB1. In relation to this, it is interesting that AICAR can stimulate AMPK in association with LKB1 phosphorylation and nuclear export even under the low CaMKK activity status (Fig. 2C and Fig. 3, A  and B) . AMP binds to the -subunit of AMPK and thereby inhibits dephosphorylation by phosphatase. Thus, although LKB1 is not the AMP binding site, the phosphorylation enzyme is necessary for the activation of AMPK by AMP. In the case of AICAR, the ribonucleoside is transported into cells by the adenosine transporter and metabolized by adenosine kinase into ZMP (5-aminoimidazole-4-carboxamide 1--D-ribofuranosyl monophosphate), an AMP analogue. ZMP then functions like enodogenous AMP. Thus, similar to endogenous AMP, ZMP would prevent dephosphorylation of AMPK by phosphatase, such as PP2C (7, 30) . Under the condition of inhibiting dephosphorylation of AMPK, LKB1 may be able to phosphorylate and activate AMPK without aid of other phosphorylation enzyme. It remains unknown, however, how AICAR stimulates LKB1 phosphorylation and nuclear export.
The present study showed that wortmannin, a PI3K inhibitor, inhibited HDL-and S1P-induced phosphorylation of Akt and eNOS without any significant change in AMPK phosphorylation. Knockdown of AMPK almost completely inhibited the phosphorylation of Akt and eNOS, suggesting that AMPK is an upstream signaling molecule of PI3K/Akt, which regulates the eNOS activity. The finding that an AMPK activator, AICAR, stimulated Akt and eNOS further supports this conclusion. The signaling pathway of AMPK/PI3K/Akt/eNOS is consistent with those suggested for adiponectin-induced eNOS activation in HUVECs (12) and S1P-and VEGF-induced eNOS activation in bovine aortic ECs (9) . However, the eNOS activation mechanism in ECs is complex. Thors et al. (10) showed that thrombin and histamine stimulate eNOS via the AMPK-mediated pathway independent of PI3K/Akt in HUVECs. On the other hand, it was reported that AMPK is not involved in eNOS activation by insulin (33) and VEGF (34) . Further complicating the issue, PI3K works as an upstream regulator of AMPK as indicated by the finding that PI3K inhibitors inactivated AMPK (11) . Thus, the signaling pathways of AMPK, PI3K/Akt, and eNOS seem to be differentially regulated depending on the differences in sources (or sites), or species, even in vascular ECs. The differences in time and stimuli employed may also partly explain the different regulatory mechanism of eNOS activation (35) . Further experiments are required to determine the relationship of the regulation of these important signaling enzyme activities.
ATP-consuming proliferation is expected to be inhibited by AMPK activation (5-7). On the other hand, recent studies have shown that AMPK (34) and LKB1, an upstream regulator of AMPK, (47) are essential for angiogenesis, which must be associated with migration and proliferation of ECs. Moreover, AICAR, an AMPK stimulator, has been shown to activate ERK in osteoblasts (48, 49) . Thus, the activation of AMPK potentially acts on ERK and proliferation in an inhibitory or stimulatory manner.
Our results showed that HDL-induced ERK activation and proliferation were independent of AMPK, whereas migration response to HDL was depending on AMPK, in ECs. Instead, HDL utilizes the Ras system, which is an independent signaling molecule from AMPK, to induce proliferation. This signaling cascade resembles the insulin signaling pathways: insulin stimulates the PI3K/Akt pathway, which usually regulates a variety of differentiated functions of the cells, and the Ras/ERK pathway, which regulates proliferation (50) .
In conclusion, HDL activates AMPK through the apoA-I/SR-BI/PDZK1 and the S1P/S1P receptor/G i -protein systems, thereby stimulating PI3K/Akt and the subsequent eNOS activation, cell migration, and the inhibition of adhesion molecule expression. Both systems seem to be regulated by CaMKK and, for the SR-BI system, additionally by LKB1. HDL also stimulates ERK and proliferation, which are mediated by Ras but not by AMPK. Thus, HDL exerts antiatherogenic actions through dual systems involving AMPK and Ras.
with S1P (1 μM), rHDL (500 μg protein/ml), native HDL (500 μg protein/ml), apoA mixture (Apo, 500 μg protein/ml), cholesterol-loaded rHDL (Cho-rHDL, 500 μg protein/ml), or PBS (None) to measure AMP phosphorylation activity. B-E, the cells were incubated with the indicated agents after the following treatments to analyze the roles of S1P receptors, G i protein, SR-BI, and PDZK1 in AMPK phosphorylation: siRNAs for S1P 1 and S1P 3 receptors (siS1P 1 /siS1P 3 ) (B); PTX (C); siRNA for either SR-BI (siSR-BI) or PDZK1 (siRDZK1) (D); and siRNA for either SR-BI or PDZK1, together with PTX (E). As control, cells were treated with non-silencing RNA and/or PBS. Other experimental conditions are the same as those for (A). Upper column shows a typical Western blotting of phosphorylated AMPK (P-AMPK) and total AMPK of three separate experiments and lower column shows the results of densitometer analysis from pooled data, in which the ratio (arbitrary unit) of P-AMPK to total AMPK was determined. The results are expressed as fold of the value obtained by S1P (1 μM) in each control experiment. *The effects of the indicated treatments on the responses to each agents compared with those in control cells were significant. 3. LKB1 is involved in SR-BI-mediated but not in S1P receptor-mediated phosphorylation of AMPK, Akt, and eNOS. A, HUVECs were incubated for 10 min with S1P (1 μM), rHDL (500 μg protein/ml), native HDL (500 μg protein/ml), AICAR (1 mM), or PBS (None) to measure phosphorylation activity at Ser-428 of LKB1. B, the distribution of LKB1 in nuclear and cytosol fractions was analysed as described Experimental procedures. A representative of three separate experiments were shown in (A) and (B). C, The cells were treated with PBS (Control), non-silencing siRNA (Mock), or siRNA for LKB1 (siLKB1) for 48 h, as described under Experimental Procedures section. LKB1 and CaMKK protein expression was measured. A representative of three separate experiments was shown. D, the cells were treated with non-silencing RNA (mock) or siRNA for LKB1 (siLKB1), and then the phosphorylation activities of the enzymes were measured as described in Fig. 2A . Upper column shows a typical Western blotting of phosphorylated form and total of the indicated enzymes of three separate experiments and lower column shows the results of densitometer analysis from pooled data, in which the ratio (arbitrary unit) of phosphorylated form and total enzyme was determined. The results are expressed as fold of the value obtained by S1P (1 μM) in each control experiment. *The effect of siLKB1 on the responses to each agents compared with those in control cells was significant. A, the cells were incubated for 4 h with S1P (1 μM), rHDL (500 μg protein/ml), native HDL (500 μg protein/ml), or PBS (None) to measure migration activity. The cell number migrated to the lower surface of filter was counted. B, the cells were incubated for 8 h with the indicated agents in the presence or absence of 60 pM TNF-to measure VCAM-1 expression. C, the cells were similarly treated with agents as (B) and then incubated for 15 min to measure THP-1 monocyte adhesion activity. Results are means + SEM of three separate experiments. *The effect of test agents was significant. 
